The hydration of the hydroxyl OH radical has been investigated by microsolvation modeling and statistical mechanics Monte Carlo simulations. The microsolvation approach was based on density functional theory ͑DFT͒ calculations for OH-(H 2 O) 1 -6 and (H 2 O) 1 -7 clusters. The results from microsolvation indicate that the binding enthalpies of the OH radical and water molecule to small water clusters are similar. Monte Carlo simulations predict that the hydration enthalpy of the OH radical, ⌬ hyd H(OH,g), is Ϫ39.1 kJ mol
I. INTRODUCTION
The interaction of the hydroxyl radical with biological molecules, including amino acids, peptides, and proteins, is of great interest due to the deleterious effects of the radical on biological systems. [1] [2] [3] [4] For example, high concentrations of the hydroxyl ͑OH͒ radical in the cell cytoplasm have been associated with Parkinson's disease. 5 The OH radical is also important in the chemistry of earth's atmosphere, where its role in hydrogen abstraction reactions determines the atmospheric lifetime of many hydrofluorocarbons. [6] [7] [8] Most of the reactions involving the OH radical occur in aqueous environment or in small water aggregates that can act as catalysts in some atmospheric reactions. 9 The study of OH radical hydration is therefore very important because the oxidation mechanisms of organic molecules by aqueous OH will depend strongly on the structural and energetic properties of the hydrated radical. 10, 11 Another relevant issue concerns the electronic properties of liquid water, where the adiabatic band gap of the liquid, which can be determined over thermochemical cycles involving the OH Ϫ defect state in water, depends on the OH radical hydration energy. 12 Several works have been carried out to analyze the interactions of the OH radical with the water molecule [13] [14] [15] [16] and the microsolvation of the radical in water clusters. 12, 17 In the present paper we report a theoretical study of the hydration of the OH radical. To carry out this study two approaches have been adopted: microsolvation modeling and Monte Carlo statistical mechanics simulations. Initially, we have analyzed the microsolvation of the OH radical in water ͑W͒ by carrying out density functional theory ͑DFT͒ calculations for OH-W N clusters (Nϭ1 -6), where N is the number of water molecules. From these calculations, several properties, including the structure, energetics, vibrational spectrum, and charge distribution have been determined and compared with the properties of water clusters W Nϩ1 (Nϭ1 -6). Monte Carlo simulations were then carried out to analyze the structure of the hydrated hydroxyl solution and to predict the OH radical enthalpy of hydration, ⌬ hyd H(OH,g). Finally, sequential Monte Carlo/DFT calculations over uncorrelated configurations 18, 19 of the solution have been performed to investigate the electronic polarization of the hydroxyl radical in liquid water.
II. COMPUTATIONAL DETAILS
To analyze the structure, vibrational spectrum, and energetics of OH-W N (Nϭ1 -6) clusters, where WϭH 2 O and N is the number of water molecules, we have carried out density functional theory calculations with the Adamo and Barone [20] [21] [22] Becke style one-parameter hybrid functional, using a modified Perdew-Wang exchange 22 and PW91 correlation 23 ͑MPW1PW91͒. Author to whom all correspondence should be addressed. Electronic mail: ben@adonis.cii.fc.ul.pt zeta basis set augmented with diffuse functions ͑aug-cc-pVDZ͒. 24 Single-point energy calculations with the aug-cc-pVTZ and aug-cc-pVQZ basis sets 25 are also reported.
The energetics of the OH-W N clusters can be discussed in terms of the formation and binding energies. The formation energy ⌬E e,N is defined as
where E͓OH-W N ͔ is the energy of a cluster with the hydroxyl radical and N water molecules. The binding energy ⌬E b,N is given by
We also define the binding enthalpy ⌬H b,N , which is similar to the binding energy ͑2͒ but includes zero point vibrational energy corrections ͑ZPVE͒ and thermal corrections. For Nϭ1, ⌬E e,1 ϵ⌬E b,1 . In this case, they will be represented simply by ⌬E and ⌬H, respectively. Formation energies, ⌬E e,N , calculated with the aug-cc-pVDZ basis set were corrected for basis set superposition error by using the counterpoise method 26 with fragment relaxation energy contributions. 27 We have verified that several properties predicted by MPW1PW91/aug-cc-pVDZ calculations for the water molecule and dimer, and for the isolated hydroxyl radical are in very good agreement with experiment. These results are reported in Table I, where they are compared with experimental data for the dipole moment, 28 -30 structure, [31] [32] [33] vibrational spectrum, 32, 34 and energetic properties. 35, 36 For OH-W N complexes no experimental information seems to be available. Thus, we have compared the properties of the OH-W 1 complex predicted by several theoretical methods, including Møller-Pleset perturbation theory 37 at second ͑MP2͒ and fourth order ͑MP4͒, quadratic configuration interaction ͑QCI͒ 38 with the inclusion of single and double substitutions with triples and quadruples contributions to the energy ͓QCISD͑TQ͔͒, 39 and coupled cluster with single and double excitations ͑CCSD͒. [40] [41] [42] [43] The results of these calculations are reported in Table I , which also includes previous theoretical data for the OH-W 1 complex from different works. 14 -16 Very good agreement between DFT and ab initio results is observed for OH-W 1 complexes. We interpret this agreement as a strong indication on the reliability of the MPW1PW91/aug-cc-pVDZ approach to model the properties of larger OH-W N clusters.
Monte Carlo simulations of the hydroxyl radical in water have been carried out in the isobaric-isothermal ͑NPT͒ ensemble 44 at Tϭ298 K and Pϭ1 atm. The interactions between two molecules, a and b, were described by a LennardJones ͑LJ͒ plus a Coulomb contribution, with parameters ⑀ i , i , and q i for each atom:
where
. The SPC potential proposed by Berendsen et al. 45 has been adopted to represent the interactions between the water molecules. For the hydroxyl radical the Lennard-Jones parameters are the same as the SPC model for water.
To model the Coulomb interactions between the solute ͑hydroxyl radical͒ and the water molecules the charge distribution of the hydroxyl radical has been determined in the most energetically stable OH-W 5 isomer ͑see Fig. 2͒ . The charge distribution of the water molecules in this cluster was represented by SPC charges and a quantum mechanical DFT calculation at the MPW1PW91/aug-cc-pVDZ level has been carried out to calculated Merz-Kollman-Singh charges 46, 47 of the OH radical. This procedure takes into account, at least partially, the polarization of the OH radical by the closest water molecules. The structure of the cluster has been determined by the DFT optimizations previously described. Lennard-Jones parameters, charge distributions, and dipole moments for the OH radical and water molecule are reported in Table II .
The Monte Carlo simulations have been carried out with one solute molecule and Nϭ250 water molecules. A cubic cell with periodic boundary conditions was used. The interactions were truncated at a cutoff distance R c of 9.6 Å. The initial configuration has been generated randomly. where
is the solvent relaxation enthalpy. We note that a very large number of configurations is necessary to attain convergence of this quantity, which is calculated as the difference between two large fluctuating numbers. 48 -50 The DFT calculations were carried out with the GAUSSIAN 98 program. 51 The Monte Carlo simulations were carried out with the DICE program.
III. MICROSOLVATION MODELING

A. Energetic properties
The structure of OH-W N clusters should reflect the ability of the OH radical to form hydrogen bonds at both ends. Thus, energetic properties of OH-W N clusters will also be related to the energy differences between structures where the radical plays the role of a proton-acceptor and/or a proton-donor species. We will name these structures as donor-acceptor ͑DA͒. In addition, there is some indication from the present DFT calculations that other isomers are possible, where both hydrogen atoms of the water molecule interact with the OH radical oxygen and the OH hydrogen forms a weak hydrogen bond with the water oxygen ͓see the OH-W 1 ͑2͒ isomer in Fig. 1͔ . This class of isomers will be called dipole-dipole structures ͑DD͒, since they are clearly stabilized by OH radical-water antiparallel dipolar interactions. The present OH-W 1 DD complex is similar to a local minimum structure from DFT calculations, reported by Zhou et al. 16 The optimized structures of the different OH-W N isomers are shown in Fig. 1 (Nϭ1 -3) and Fig. 2 (Nϭ4 -6) . These structures are local minima on the potential energy surface. Energy differences ͑in kJ mol Ϫ1 ͒ relative to the most stable isomer ͑1͒ are reported in Figs. 1 and 2. They were calculated at the MPW1PW91/aug-cc-pVDZ level and include ZPVE.
Energetic properties for the most stable isomers of the OH-W N clusters (Nϭ1 -6) are reported in Table III . We have investigated the importance of basis set superposition error ͑BSSE͒ on the evaluation of formation energies, ⌬E e,N 's. BSSE is less than ϳ1% of the uncorrected values at the MPW1PW91/aug-cc-pVDZ level. Thus, BSSE is not significant in the present calculations for the formation energies and binding enthalpies, whose final values are single-point energy calculations with the larger aug-cc-pVTZ and aug-ccpVQZ basis sets.
Water clusters have been the subject of several theoretical investigations. [53] [54] [55] [56] [57] [58] [59] [60] Energetic properties of W Nϩ1 clusters (Nϭ1 -6) are also reported in It is interesting to compare binding enthalpies of the OH-W 1 complex and the water dimer. The MPW1PW91/ aug-cc-pVQZ result for the water dimerization enthalpy is Ϫ12.3 kJ mol Ϫ1 , which is in very good agreement with the experimental result (Ϫ15.0Ϯ2 kJ mol Ϫ1 ). 35 For the OH-W 1 complex we predict that the binding enthalpy is Ϫ17.3 kJ mol Ϫ1 ͑MPW1PW91/aug-cc-pVQZ͒, which is ϳ5 kJ mol Ϫ1 more negative than the water dimerization enthalpy, illustrating the stability of the OH-W 1 complex, where the OH radical plays the role of proton donor. The present value is in excellent agreement with the prediction by Wang et al. ͑Ϫ16.9 kJ mol Ϫ1 ͒ 14 based on a Becke3LYP/6-311ϩ ϩG(2d,dp) calculation for the OH-W 1 binding enthalpy. No experimental value seems to be available for comparison.
A relevant feature characterizing OH-W N and W Nϩ1 clusters is hydrogen bonding co-operativity, i.e., binding energies are strongly dependent on the cluster size, due to the nonadditive polarization effects induced by hydrogen bonding. This is illustrated in Fig. 3 Binding energies for OH-W N DD clusters are also reported in Table III . The binding energy of the OH-W 1 complex, Ϫ8.4 kJ mol Ϫ1 ͑aug-cc-pVQZ͒, is ϳ9 kJ mol Ϫ1 above the corresponding DA complex. Higher stability of DA clusters seems to be a general trend when we compare DA and DD isomers. This can be related to the stability of the proton-donor OH-W 1 complex, which is a building unit of all OH-W N DA clusters.
Very recently, Hamad et al. 17 carried out theoretical calculations for OH-W N clusters (Nϭ1 -4). They estimate that ⌬H b,N can be extrapolated to Ϫ20 or Ϫ25 kJ mol Ϫ1 from gas phase clusters and to Ϫ12 or Ϫ17 kJ mol Ϫ1 from a hybrid solvation model. 17 The first values ͑Ϫ20 or Ϫ25 kJ mol Ϫ1 ͒ are in reasonable agreement with our results for OH-W N (Nϭ4 -6), which range from Ϫ31.1 kJ mol Ϫ1 (N ϭ4) to Ϫ28.2 kJ mol Ϫ1 (Nϭ6). The extrapolations from their hybrid solvation model ͑Ϫ12 or Ϫ17 kJ mol Ϫ1 ͒ seem to underestimate ⌬H b,N . To discuss the electronic properties of liquid water, Coe et al. 12 carried out semiempirical PM3 calculations and evaluated ⌬E b,N for OH-W N clusters (N ϭ1 -15). The extrapolated value of this quantity, based on a fitting procedure for water droplets is Ϫ35.7 kJ mol Ϫ1 . For water clusters, the same procedure leads to Ϫ37.6 kJ mol Ϫ1 . 12 The difference between the two quantities is only Ϫ1.9 kJ mol Ϫ1 , in good agreement with our prediction that in small clusters, ⌬H b,N for OH-W N and W Nϩ1 are similar.
B. Structural and vibrational properties
Structural and vibrational properties of the OH-W N and W Nϩ1 clusters are reported in Table IV . In agreement with results for energetic properties, important geometric dependence on the cluster sizes is observed. The most important changes concern the intramolecular O-H distance in the hydroxyl radical, d(O-H), which increases from 0.975 Å in the isolated radical to 1.007 Å in the OH-W 5 DA cluster. The structural changes related to the role played by the hydroxyl radical as hydrogen acceptor, d(HO...HOH) , and hy- FIG. 2 . Structure of the optimized OH-W N clusters (Nϭ4 -6). The first structure ͑1͒ is the most stable isomer. Energy differences ͑including ZPVE͒ in kJ mol Ϫ1 relative to the isomer ͑1͒ are shown in brackets.
FIG. 3. Binding enthalpy (⌬H b,N in kJ mol
Ϫ1
͒ for OH-W N clusters and for W Nϩ1 clusters as a function of N, the number of water molecules ͑W͒ in the cluster. 
͒.
65 For OH-W 1 , we predict that ⌬ϭ188 cm Ϫ1 , which is significantly higher than the experimental shift in argon matrix. However, comparison between harmonic gas phase frequencies and data in rare gas matrices is not direct. There is experimental 66 and theoretical 67 evidence that the interactions of the guest species with the matrix atoms may strongly influence the vibrational spectrum.
IV. MONTE CARLO SIMULATIONS
A. Energetics of the OH radical hydration
Thermodynamic properties for the hydrated hydroxyl radical and for pure water, obtained from NPT Monte Carlo simulations are reported in Table V . We first note that the densities of the solution of the hydroxyl radical in water and pure liquid water are identical ͑1.1 g cm Ϫ3 ͒. In addition, the solvent relaxation energy induced by the hydration of the OH radical and by the water molecule differ by 7.1 kJ mol Ϫ1 . ⌬H R for the hydroxyl radical and water are 38.7Ϯ3.9 and 45.8Ϯ3.9 kJ mol Ϫ1 , respectively. From Monte Carlo ͑MC͒ simulations, the hydration enthalpy of the OH radical, ⌬ hyd H(OH,g), is Ϫ39.1 Ϯ3.9 kJ mol Ϫ1 . No experimental result is available for comparison. On the other hand, the MC result for ⌬ hyd H(H 2 O,g) is Ϫ47.9Ϯ3.9 kJ mol Ϫ1 , in very good agreement with experiment ͑Ϫ44.0 kJ mol Ϫ1 ͒. 61 Thus, in keeping with the results based on the microsolvation model, our MC results in- 12 The present estimate has assumed that the vacuum level V 0 ͑minus the energy to promote a delocalized conducting electron of minimal energy into vacuum with zero kinetic energy͒ is Ϫ0.12 eV ͑see Coe et al. 12 for details on the water band gap estimation͒.
B. Structure of the solution
The partial radial distribution functions ͑RDFs͒ for the OH radical solvated in water and pure water are shown in Figs. 5-7. Figure 5 shows the g O-O (r) radial distribution functions in the solution and pure liquid. The O-O RDF for the hydroxyl radical is bimodal, reflecting the hydroxyl oxygen interaction with two water molecules closer to the radical. For the hydroxyl radical this function shows two maxima ͑1.38 at 2.6 Å and 1.5 at 3.2 Å͒. Integration up to the first minimum ͑0.8 at 4.5 Å͒ yields 13.6, which is the average coordination number or the average number of water molecules in the first coordination shell of the hydroxyl radical. Although the short-range O-O correlation in pure water is quite different from the one observed for the hydrated OH radical, integration of the O-O RDF for pure water up to 4.5 Å also yields 13.6 water molecules. The average coordination numbers related to O-O correlations for the solvated O-H radical, and pure liquid water, are very close for r у3.7 Å ͑see the inset of Fig. 5͒ . Figure 6 shows the g O-H (r) radial distribution function, which describes the correlations between the OH radical oxygen and water hydrogen atoms. These correlations are related to the role played by the OH radical as a proton acceptor in liquid water. For the hydrated OH radical this function shows a first maximum ͑0.6 at 1.9 Å͒ and integration of this function up to the first minimum ͑0.42 at 2.3 Å͒ yields 0.6, which is the average number of hydrogen atoms in close interaction with the OH oxygen atom. Comparison with the same function for liquid water shows that here the oxygen atom has a stronger interaction with the water hydro- Note that 14 and 52 represent the average number of water molecules in the first and second coordination shells of the hydroxyl radical. By using SPC charges on the water molecules, the average dipole moment of the solute ͑OH radical͒ over 50 uncorrelated configurations has been evaluated at the MPW1PW91/aug-cc-pVDZ level. The behavior of the induced dipole moment as a function of the number of water molecules N and the convergence of the dipole in the solution as a function of the number of uncorrelated configurations is shown in Fig. 8 .
We find that the OH induced dipole moment in liquid water is ϳ0.58Ϯ0.1 D, which leads to an average dipole of 2.2Ϯ0.1 D for the hydroxyl radical in water. This value is consistent with our parametrization of the OH radical charge distribution in the OH-W 5 cluster that leads to a dipole moment of 2.3 D ͑see Table II͒ . It is interesting to compare the result for the OH radical with our recent prediction of the liquid water dipole moment (2.6Ϯ0.14 D). 68 If we assume that the dipole moment of the water molecule in the liquid can be calculated by adding the contributions of two polarized OH dipoles of 2.2 D in the experimental geometry of the water molecule, the water dipole moment can be estimated as 2.8 D, which is only 0.2 D above our recent prediction.
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V. CONCLUSIONS
This work reports results for the hydration of the OH radical, including, for the first time, a theory-based predic- tion for the hydration enthalpy of this species. This quantity is of fundamental interest in several domains, ranging from biochemistry to electronic properties of liquid water. The present study relies on two complementary approaches: microsolvation and statistical mechanics Monte Carlo simulations. From microsolvation modeling we conclude that for small water clusters (W N ), the binding energies of the OH radical to W N , and of the water molecule to W N , are very close. This can be related to the stability of the OH-W 1 complex, where the radical plays the role of proton donor.
Based on Monte Carlo simulations, our results show that the hydration enthalpies of the OH radical and water differ by less than 10 kJ mol Ϫ1 . The enthalpic stabilization of the water molecule in liquid water relative to the OH radical is possibly due to the contribution of long-ranged dipolar interactions and polarization effects. In this sense, other interesting conclusion concerns the polarization of the OH radical in liquid water. We predict that the dipole moment of the OH radical in water (2.2Ϯ0.1 D) is increased by ϳ30% in comparison with the gas phase value ͑1.66 D͒. This prediction is based on the SPC intermolecular potential, which is a very simple model. Further investigations with other intermolecular interaction models can be useful to confirm the present predictions. However, we note that our result for the OH radical dipole moment in water is consistent with a recent evaluation of the water dipole moment in liquid water (2.6 Ϯ0.1 D) by sequential Monte Carlo/quantum mechanics calculations, 68 based on the TIP5P 69 intermolecular potential model.
Our results for the OH radical hydration energy leads to a value for the liquid water band gap ͑6.88 eV͒ in excellent agreement with a recent prediction by Coe et al. 12 
